Generative Temporal Planning with Complex Processes by Kennell, Jonathan
m i t  c o m p u t e r  s c i e n c e  a n d a r t i f i c i a l  i n t e l l i g e n c e  l a b o r a t o r y
Generative Temporal Planning with
Complex Processes
Jonathan Kennell
AI Technical Report 2004-002 May 2004
© 2 0 0 4  m a s s a c h u s e t t s  i n s t i t u t e  o f  t e c h n o l o g y,  c a m b r i d g e ,  m a  0 2 1 3 9  u s a  —  w w w . c s a i l . m i t . e d u
 

 
	ﬁﬀﬂﬃﬃ !"#	$
%&'(*)+ﬀ,.-/1020210
354
6*7*89;:=<9>8?A@B8C8D@BEFE
GBH 3IKJMLNLPORQSLPTﬁLPUOWVOYXZ\[NL]IOR^_L.T=`DaCbcORdRL][]JcdYZ\b/aC^efJM^OYOR[]JM^eKZ\^Q
g T\IX H LPOY[ G dRJcOR^dYOhJc^iXZ=[NLPJcZ\bj` H bMkbMbcIKOY^5LlT\`LPU2OW[NOYm H JM[]OYIKOY^5L]n
`oTf[lL]UOhQOYef[NOYOWT\`
p Z\nNL]OY[qT\`
a^2efJc^OROY[NJc^e
Z=L.LPUO
psr
GG
r
gltvuG awxw Gzy({vG w y w u w.a}|~w.a gltv{ ||h
~OY32[
H
Z\[ﬃ4\f=
d

p
Z\n]n]Z\dU
H
n]OL]L]n
y
^nNL]JML
H
LPOhT\`ŁwŁORdU^TfbMTfe\4=f\
r
bcb*[NJcefU5L]n
[]OYnNOY[ﬃfOYQ>
g
OR[NLPJkOYQ354;[NJZ\^
g
JMbcbMJZ\IKn
r
nNn]TdYJZLPOhC[]T\`oORn]nNTf[T=`
r
OY[]T\^Z
H
L]JcdYnqZ\^2Q
r
nNL][]Tf^Z
H
LPJMdYn
wxUOYnNJcn
GBH
X;OY[NJMn]Tf[
r
dRdYORX2LPORQ354j
r
[NLPU
H
[
g

G
IKJML]U
g
UZ=Jc[]IZ\^*VOYXZ\[ﬃLPIKOY^5L
g
TfIKIJL]L]OYOTf^s[PZ\Q
H
Z=LPO
G
L
H
QOR^_L]n
 
	ﬁﬀﬂﬃ !"#	$&%'()+*
ﬀ'-,./0/1/
354
2 Tf^Z=L]UZ\^43hOR^^ORbcb
506798;:=< <?>A@B<DC<DE>F>HG9IKJ <?8L>HM1<NCKOPRQS>ATU<DJ?:STAIVQ.PRMWX:=M9>H>HJ?:SMWﬁIVMY@[Z\CK8LG6<D>HJ
5TU:S>HM9TH>CKM^])T_<?CK7`>HJabXc9dVeXeKac0:SMfGYIVJD<D:gIVQ.Oh6Q=i9QSQ=8L>HM1<ﬃCKO<?E>JD>kj16:=J?>H8L>AMX<ml
OhCXJn<DE>o@>AWKJ?>H>)CVOp^IKl <D>AJ-CVOqPRMWX:=M>A>HJ?:=M9W
rts/X	,`	
u 6<DCKM9CK8LCK69lRvK>HE9:STHQ=>klIVJ?>-:=M9THJD>kIKlD:=M9WKQSw7Y>A:=MWﬁ69l >k@;:=Mx8L:glDlD:=CXMyzTUJ?:{<?:STAIVQIVGy
GQS:STAI|<?:=CXM9lHc`IVM9@}J?CK7969l<8;>H<DEC@l)IVJ?>M>A>A@>k@}OhCKJ)TUCKM1<?JDCXQ=QS:=M9WL<DE>kl >o:SME>AJ y
>HM1<?Q=wL6MJ?>HQS:gIV7QS>ﬃIVMY@~TUCX8;G9Q=>HxlDwl<?>H8xlAqnE9:Sl<DE>kl :glNIK@vXC0TAI|<?>Alq<?E>6Yl >CVO
8LC@>HQ=y7YIKlD>A@~G9JDCXWKJmIV8L8L:=MWYcK-E:gTmE}IVQSQ=C|l\8L:Sl?l :SCKM[@>AlD:SWKM>AJ?l<DCLGJ?CKWXJ?IK8
IV6<DCKM9CK8LCK69l8L:Sl?lD:=CXM9lI|<<DE>LQS>HvX>HQCVONI[THCXIXTmE^CKJ-:SMWTUCK8L8xIVMY@>HJkﬁC
lD6GG`CKJD<ﬃl 69TmE}IxlDw0l <D>A8}c<DE:gln<?E>AlD:SlGJD>kl >AM1<?lN<DE9>ﬁ50GYCTmfWK>HM9>HJmI|<D:SvK>)GQgIVMy
M>AJALC}WX>HM>AJ?IV<D>ﬁG9QSIKM9lHc
50GYCTm^869l <o7Y>xIV79Q=>;<DC}G:S>ATH>;<DCKWX>U<?E>HJvK>AE:gTUQS>
TUCX8L8LIKM9@lNIVM9@~<D>kIV8<mIKT_<?:STAl\<DE9IV<NE9IvX>I;TUCX8;G9Q=>H~7Y>AE9Iv0:=CXJ\J?>HGJ?>AlD>HM1<?>A@
70wTUCXM9TU6J?J?>HM1<GJ?CTU>klDlD>AlAnE:glL:Sl;:SMŁTHCKM1<DJmIKl <ﬁ<?C'<?J?IX@:=<D:SCKM9IKQNG9QSIKMM>HJmlAc
-EC1l >fCKG`>HJmI|<DCXJ?lJ?>HGJ?>AlD>HM1<;lD:S8;G9Q=>I|<?CK8L:gT~CKJx@69J?IV<D:SvK>fIXT_<?:=CXM9lHŁ50GYCTm
J?>HGJ?>AlD>HM1<?l;CXGY>AJ?IV<DCKJml;69lD:=MWﬂ<?E>p^\QSIKMWK69IKWK>Xc-E:gTmE@>Al?TUJ?:=7`>AlL7`>Uy
E9Iv0:SCKJmlq69l :SMWoGYIVJmIVQSQ=>AQ9IVM9@Bl >kjX69>HM1<D:gIVQ9THCK8LG`CXlD:{<?:=CXM9lRCKO+l <?IV<D>ﬃIKM9@xIKTU<D:Sv0:{<w
>HG9:SlDC@>AlAﬃp^\:glﬃ69lD>UOh69QOhCXJTUCXM1<DJ?CKQSQ=:SMWx8LCK7:SQS>IV6<DCKM9CK8LCK69lﬃ8L:Sl?l :SCKMYl
7`>ATHIK69lD>):=<ﬃIVQSQSC|ln8;:gl?l :SCKM}@>AlD:SWKM>AJ?lN<?CLj16:gTm0Q=wf>HM9THC@>>UGJ?>Al?l :SvK>IKTU<D:SvXy
:=<w8LC@>HQglR6Yl :SMWCK7>AT_<DyCXJD:S>HM1<?>A@L@>AlD:SWKMx8L>U<?EC@lIKM9@xIVMx:SM1<D6:=<D:SvK>ﬃlD>U<\CVO
IKTU<D:Sv0:{<wLTUCX8ﬁ7:SM9I|<?CKJmlH50G`CTm;IKQSlDCo:gl\lD:=WXM:=iYTHIKMX<N:=M~<DE9IV<\:=<N6M9:{OhCXJD8LQSw;J?>HGy
J?>AlD>HM1<?l-CXGY>AJ?IV<DCXJ?lIKM9@}GQgIVMyzlDG9IKTH>GJDCTH>Al?l >kl-:=M}<?>HJ?8xlﬃCKO>H8LG`CKJmIVQ
RQgIVM

>H<\CXJDlAc|-E:gTmE;lD6GG`CKJD<q<D>H8LG`CKJmIVQ09>H:=7:SQS:{<wﬁOhCKJJ?CK769l <GQgIVM;>U>ATH6<D:SCKM

:=MYIVQSQ=wXc50GYCTm:gl):=8LGQS>H8L>HM1<?>A@IXlI~OhCXJDnIVJm@}GJ?CKWKJ?>Al?lD:=CXM[CXG<D:S8xIVQqGQgIVMy
M>AJ<?E9I|<nIVQSlﬃ8LCKM9CV<DCXM:gTHIVQSQSw}OhCKJ?NIKJ?@[<?EJDCX6WKE'GQgIVMﬂGJDCTH>Al?l >klHc+TUQSCXlD:SMW
IVM0w[CKG`>HMTHCKM9@:{<?:=CXM9lﬃIKM9@J?>AlDCKQSv1:SMW~IKM1w}TUCXM9:gT_<mlH)nE:Slﬃ<DE9>AlD:Sl@>Al?TUJ?:=7`>Al
<DE9>x5GYCTmIKQ=WXCKJ?:{<?E8:=M@>H<?IK:=QcIVQSCKM9Wf-:=<DEﬂ>UIV8LGQS>LGJ?CK7QS>H8xlIVMY@^<?>Al <
J?>AlD6Q{<mlH
nE>kl :gl506G`>HJ?v0:SlDCKJk\J?:gIVM}Z9:=QSQ=:gIV8xl
n:=<DQS>K
u
l?lDC0TH:SIV<D>RJ?CVOh>klDlDCKJNCVO
u
>AJDCXM9IV6<?:STAl-IVM9@
u
l <DJ?CKMYIV6<?:STAl
a
  -q! (  l	20
nE>f\CXJDﬂTUCKM1<mIV:SM>A@ :SM<?E:Slﬁ<DE9>AlD:Sl;TUCX6QS@MCV<ﬁEYIvK>~7`>H>AM#IKTATUCX8;G9Q=:gl E9>A@
-:=<DECX6<n<DE>E>AQ=G}IVMY@flD6GG`CKJD<-CVOM068L>AJDCX69lN:=M9@:=v0:g@69IVQglA

:SJml<IVMY@~OhCXJD>Hy
8LCXl <AcR8w IK@v1:glDCKJkcRRJ?CVOh>Al?lDCKJNJ?:SIKM :SQ=QS:gIV8xlHc\E9IKl;7`>H>AMŁIKM :SM1v|IKQ=69IK7QS>
J?>AlDCK6JmTU>XnC`>AJ)JDCKOh>Al?l CXJ-:=QSQ=:gIV8xll G`>ATH:SIKQ<DEYIVMlﬃOhCKJﬃM9CV<ﬃCXMQ=w}WX:=v0:SMW
8L>Bl?IVWK>xIX@v0:STH>Kc
76<oOhCXJoGJ?C|v1:g@:SMW8L>L<DE>BOhJD>A>A@CX8&<?C>UGQSCKJ?>xvIKJD:SCK6Yl
J?>AlD>AIVJmTmEx<?CKG:gTHlIXlnIL8;>A8ﬁ7`>HJ-CKO<?E>op^P5~J?>AlD>AIKJ?TmEfWKJ?CK6G
)\CX6QS@IKQSlDC}Q=:SK>~<DC}<DEYIVMﬂCK6JﬁWKJ?CK6G
	 lIK@8;:SM:gl<?J?IV<D:SvK>~IXlDlD:Sl <?IKM1<AcpIVJDy
WXIKJD>H<RC1CXMc
CK6JoWXJDCX6G
	 lGYC1l<m@CTHlAc)J?>HW^5069Q=QS:=v|IKMIVM9@ p^IKJ <?:=M 5IXTmE>HMy
79IXTmE>HJkcV8ﬁwoOh>HQSQ=C|ŁWKJmIK@6YI|<D>nl <D69@>AM1<?lAc y E9lD:SIKMW5E16c1IVJ?:SlDEM9IKMcX69@w
Z\E>AMc9]Q=:SvK>AJNp^IKJ <?:=Mc5>H6MW~Z\E06MWYc50<?IVM9:SlDQSIv

6M:gIV.cIH>H>AMBp^IKEX<mIV7c
IV69QPRQSQ=:SCV<D<Ac u :gl EYI~ IVQgTUCV<D<Ac u M9@JD>kIKlﬂ>HE9C|l 0wKc`IVM9@XCKE9M51<D>k@Q c+IKM9@
CK69J6M9@>AJDWXJ?IX@69I|<?>\J?>AlD>AIKJ?TmE;IKl?l :gl <?IVM1<mlHcVIK6QﬂIKM9@I9c u @IK8JmI|O <kcX50E>AM
6c+IX@6IX@6<?I9c+IVM9@^:STm^50E>AJD:g@IKMp^IKM0wf<?>ATmEM9:STAIVQ
JD>Av1:glD:=CXM9lN>HJ?>
8xIK@><?EJ?CK6WXEfCX6Jﬃ@:glDTH69l?l :SCKM9lAcIVMY@NWK>AM06:=M9>HQSwfIVG9GJD>kTU:gI|<?>)wXCK6JnOhJ?:S>HM9@0y
lDE:=G
pC1l<:=8LG`CKJD<?IKMX<?Q=wXc
ﬃNCK69QS@'Q=:SK><DC[<?E9IVM8ﬁwO IK8;:SQSwOhCKJ)<DE9>H:SJQ=C|vX>;IKM9@
lD6GG`CKJD<A
u
QSQ
8wl 69TATU>klDlD>AlIVJ?>@6><DCB<DE>;CKG9GYCXJ <?6M:=<D:S>AlwKCK6E9IvK>oG9JDCKy
v0:S@>A@f8;>Xc9IVMY@NIV8 OhCKJ?>HvK>AJnWKJmI|<D>HOh6Q
nE:gl.<DE9>AlD:Sl+nIKll 6G9GYCXJ <?>A@)70wF
u

u
6M9@>HJ+<?E>pDZ
u
p:=0>k@0yzM:{<?:SIV<D:SvK>
Z\CKM1<?JDCXQ`CKO
u
6<DCX8xI|y<D>AIK8xlﬁﬀ\GJ?CKWXJ?IK8[c0TUCXM1<DJmIKT_<ﬃﬂ
 
eKe9bUyzebUy Zy"!Ke$#%
&
  
	
ﬀﬂﬁﬃ ! 
bKSb pCK<D:SvIV<D:SCKM )) bXb
bK d pC@>AQ{y 79IKlD>A@[RJ?CKWXJ?IK8L8;:SMW;PIV8LGQS>) bka
bK a nE>ﬁ50G`CTm)>HM9>HJmI|<D:SvK>QSIKMM>HJ ) b %
bK
&
nE>B>AIKTU<D:SvK>Bp^C0@>HQ=y79IXl >k@ RJ?CKWKJmIV8L8L:SMW[IVMWX69IVWX>LOhCKJ
-:gTmE u T_<?:=v0:=<w}]G`>HJmI|<?CKJml\IKM9@)CXIVQ5GY>kTU:=iYTHIV<D:SCKM9l  b

bK %

Q=>H:=7QS>on:S8;>Hy7`CK69M9@lIKM9@f>H8LG`CKJmIVQQSIKM

>U<NCKJ?0l  b #
bK
 
CXJDnIVJm@BJDCXWKJ?>Al?l :SCKM~QSIKMM:SMW^) b#"
bK # nE>kl :gl-IwXCK6<x)) dKe
$&%('!)+*,ﬂ'!.-/021 $3
dSb Z\CKMYl<?J?IK:=M1< y 79IXl >k@ zM1<D>AJDv|IVQQSIKMM:SMW ) db
d d54:S>HJmIVJmTmE:gTHIKQ.
IKlD

>U<NCKJ?~RQgIVMM:SMW ) dKa
d a )JmIVGEy 79IXl >k@BRQgIVM9M:=M9W)) d
&
d
& 
CXJDnIVJm@BJDCXWKJ?>Al?l :SCKM~QSIKMM:SMW^) d

687:9';%('!*,<ﬂﬁ>=?';@A'!)CBED*,F#'!HGI?J0*,KLKMﬁ+JONP*,QJ?*,J' $0R
aSb p^\ ]vK>AJDv0:S>H )) aXe
a d PIK8;G9Q=>o5TH>HM9IKJD:SC-:=<DEpRJ?CKWXJ?IK8 ) a9b
a a p^\ Z\CK87:=MYI|<DCXJ?l&)) a1d
a aSb PG:SlDC@>n:=8L:SMW;y
uTS
Q c 6VUﬁ) a1d
a a d 51<mI|<?>
u
l?l >AJ <?:=CXMByT) a
&
a a a 50>kj16>HM1<D:gIVQZ\CX8LGYC1l :=<D:SCKMfy
u:W u
	) a
&
a a
&
IKJ?IKQ=QS>HQZ\CK8LG`CXlD:{<?:=CXMBy
u
c
u
	) a
&
a a % Z\CXM9@:=<D:SCKM9IKQP>ATH6<D:SCKMfyR:{OT)<DE9>HM
uTS
>AQSlD>
u
	 U\ a
&
a a

JD>Hy>A8;G<D:SvK>P>ATH6<D:SCKMfyR-E>HMT)<?E>HM
u
 a$%
a a # p^IK:=M1<?>HM9IKM9TU>-Z\CKM9@:=<D:SCKMYly@C
u
8xIV:SM1<?IK:=M:SMW)TVcV@C
u
nI|<mTmE:=M9W;T )) a$%
a a !

CKMyz@>U<?>HJ?8L:=M:gl <D:gTZ\E9CK:gTU>)ynZ\EC0CXlD>YX
u
c
u
	=cSS[Z a$%
a
&
p^\50679lD68LG<?:=CXM[CKO
\FF)\(]GY>AJ?IV<DCXJ?l ) a

%
a % p^\ﬂOhCKJn<?E>ﬁ50G`C0Tm )>HM>AJ?IV<D:SvK>RQgIVMM9>HJN) a #
a

Z\CKMYTUQS69l :SCKM )) a #
  7P'!KP0*,) G )+*, '  21F 6
&
Sb -

]vX>HJ?v0:=>A )) a!
&
 d PIK8;G9Q=>-

)) a "
&
 a p^\ﬂ<DCx-

p^IKGG:SMW)
&
b
&

&
P>kTU6<mIV7:SQ=:=<w~CKOq>H8LG`CKJmIVQ+RQgIVM

>H<\CXJDl )
&
d
&
 % -

Z\CXM9lD:Sl <D>AM9TUwŁ))
&
d
&
 %Sb -

>H8LG`CKJmIVQZ\CXM9l :gl <D>HMYTUw )
&
d
&
 % d -

>HQSQ
Z\CXM9l :gl <D>HMYTUw )
&$
&


-

Z\CX8LGQ=>H<D>AM>Al?l}))
&$
&
 # -

5679lD68LG<D:SCKM}CVOqF)F \]G`>HJmI|<?CKJml )
&
#
&
 ! 5068L8xIVJ?w ))
&
!
	&7:9'
P#1 '!Q' *V#ﬁ>=' 7:G G )ﬃ*,QﬁﬃQJ()ﬃJﬁ>#9QK  ?R
%Sb ]vK>AJDv0:S>H ))
&
"
%SbKSb 50G`CTm u QSWKCXJD:=<DE98 ) %Ke
%SbK d PRIK8LGQ=> )>AM>HJmI|<?:=vX>)-

RQgIVMM:SMWLRJ?CK7QS>H8  %b
% d zM1<D>AJDM9IKQRQgIVM^ZNIVM9@:S@IV<D>->AGJD>kl >AM1<?I|<?:=CXM ) %%
% dSb PM9IV7QS>H8L>AMX<CKO
u
T_<?:=v0:=<D:S>AlIKM9@q>HM9@:=MWPvK>AMX<ml+IVM9@
PG:SlDC@>Alﬃ)) %

% a Z\E:SQS@}PR0GYIVM9lD:=CXM )) %!
% aSb zM9l <?IKM1<D:gI|<D:SMW
u
TU<D:Sv0:{<?:=>kl ) %!
% a d zM9lD>HJD<D:SMWxPRMYIV7QS>A@[PRG:glDC0@>Al )

e
% a a zM9lD>HJD<D:SMWxPRMYIV7QS>A@[PRvX>HM1<?l )
&
%
&
Z\E>kTm1:SMWBZNIVMY@:S@9I|<D>ﬁZ\CXM9l :gl <D>HMYTUw )
&
% % Z\CKM1<?:=M069IV<D:SCKMZ\CK87:SM:=M9WLP\j16:=v|IKQ=>AMX<>HQSQ
Z\CKMYl<?J?IK:=M1<?l 

!
%

PRMYl 6J?:SMW~50wl<?>H8xI|<?:STH:{<wf))

"
% # RJ?>AlD>HJ?v0:=M9W;50>kIVJmTmEZ\CX8;G9Q=>H<D>HM9>Al?l ) #b
% ! ZNIVMY@:S@9I|<D>ﬁZ\C1l<ﬃG`@IV<D> ) #

% " 5068L8xIVJ?w )) ##
8%('!F#Q)+ﬂF *,Q  ?<)+F#ﬁ+?QF 

Sb z8LGQS>H8L>HM1<?IV<D:SCKM)) # !

 d q>HJDOhCKJ?8xIVM9TH>o)) #ﬀ"

 a

6<D6J?>'CXJD )) !9b


&
zM9THJD>A8;>AM1<?IVQ>H8LG`CKJmIVQZ\CXM9l :gl <D>HMYTUw[Z\E>kTm ) !9b

 % ->AQSIV0>k@fQSIKM )JmIVG9E 4ﬃ>H6J?:Sl <D:gTﬁZ\CXl <Pl <D:S8xI|<D>  !1d



P0<?>HM9@:SMWp^\~<?Co506GG`CKJD<
u
@@:=<D:SCKMYIVQ>H8LGYCXJ?IKQ9Z\CKMy
l <DJmIV:SMX<ml )) !$%

 # z8LGQS>H8L>HM1<?IV<D:SCKMP~TH:=>AM9TUw z8LGJ?C|vK>A8L>HM1<?lﬃ) !


 ! 5068L8xIVJ?w )) ! #
#
  
	   
 	
 	
bKSb Z\CK8LGQS>U[RJ?C0TH>Al?lnPIV8LGQS>f) bke
bK d n:=<?IVMpC@>AQ{y 79IXl >k@fPR0>kTU6<?:=vX> u J?TmE9:{<?>AT_<?6J?>x) bd
bK a 50G`CTm )>AM>HJmI|<?:=vX>ﬃRQgIVM9M>HJ\-:{<?E:=M :=J?LpC@>HQ=y7YIKlD>A@xP0y
>ATH6<D:SvK> u J?TmE9:{<?>AT_<?6J?> )) bka
bK
& 
:=J?>o->klDTH6>o5TU>AM9IVJ?:=C )) b
&
bK % p^\RJ?CKWXJ?IK8(IKJ?IX@:=WX8 Z\CK8LG9IKJD:gl CXMx) b
&
bK

PIK8;G9Q=>p^\Z\CKM1<DJ?CKQJDCXWKJmIV8 ) b

bK # PIK8;G9Q=>>H8LGYCXJ?IKQRQgIVM

>H<\CXJDt) b !
dSb
u
QSQS>HM
	 l zM1<D>AJDv|IVQ>HQgI|<D:SCKMYl E:SG9l
S
dc9d<"2U ) dXd
d d
u
RQgIVM)JmIVGE )) d%
d a PIK8;G9Q=>CVO )JmIVGEy 79IXl >k@BRQgIVM9M>HJ5067yCXG<D:S8xIVQS:{<w  d

aSb PIK8;G9Q=>p^\ RJ?CKWKJmIV8 ) a9b
a d p^\Z\CX8ﬁ7:SM9I|<?CKJml5069GGYCXJ <?>A@70w :SJD 	 l51<?J?IV<D>HWXw 5>Uy
QS>AT_<?:=CXM
u
QSWKCKJ?:=<DE8 )) aXa
a a p^\ Z\CK87:=MYI|<DCXJ?ln506G9GYCXJ <?>A@[70w[50G`CTm ) aXa
a
&
p^\50679lD68LG<?:=CXM[CKO
\FF)\(]GY>AJ?IV<DCXJ?l ) a

&
Sb >H8LGYCXJ?IKQRQgIVM

>H<\CXJDfZ\CXM9l<?JD6YT_<?l) a "
&
 d
u
MPRIK8LGQ=>>H8LG`CKJmIVQRQgIVM

>H<\CXJD')
&
e
&
 a p^\RJ?:=8L:=<D:SvK>kl<?Cx-

5067yM>H<\CXJDl )
&
b
&

&
p^\ Z\CK87:=MYI|<DCXJ?l<DC~-

5067y M>U<NCKJ?l )
&
a
&
 %
u
>H8LGYCXJ?IKQ=QSw zM9THCKM9lD:gl<?>HM1<-

)
&&
&


zM9THCKM9lD:Sl <D>AM1<--

-:{<?EZ\CKJ?JD>kl G`CKM9@:=MWLF:Sl <?IKM9TU> )JmIVGE 
&
%
&
 # -

<?CxFﬃ:gl<mIVM9TH> )J?IKGE}lD>H69@C~Z\C@> )
&
%
&
 ! -

nE9JD>kI|<->AlDCKQS6<?:=CXM )
&$
&
 " PIK8;G9Q=>CVOZ\CK8LGQS>U<?>-

)
&
#
&
SbAetp^IKGG:SMW;OhJDCX8 F)F)\ ]G`>HJmI|<?CKJml\<DCx-

u
T_<D:Sv0:{<?:=>kl 
&
!
%Sb 50G`CTmfNQ=CTm~F:SIKWKJmIV8 )) %b
!
% d 50G`CTmfCKGy Q=>AvK>AQ.\l >A69@CKy THC0@> ) %Xd
% a

CXJD>kl<

:SJD>o506G9GJD>klDlD:SCKM5TU>AM9IVJ?:=C ) %Xd
%
&
Z\CKM1<?JDCXQRJ?CKWXJ?IK8 p^\4Z\C@>BIVMY@-

OhCXJ

:SJD>f56Gy
GJ?>Al?l :SCKM}p:glDlD:SCKM )) %Ka
% % u TU<D:Sv0:{<wŁ:S7J?IKJDwﬃp^ Z\C@>IVM9@Ł-

OhCXJ

:SJ?>56Gy
GJ?>Al?l :SCKM}p:glDlD:SCKM )) %
&
%

50CXQ=6<?:=CXM-

OhCKJ

:SJD>ﬁ5069GGJ?>Al?l :SCKM[p:Sl?lD:=CXM ) %
&
% # RQgIVM^ZNIVMY@:S@9I|<D>o51<?JD6YT_<D69JD>&) %%
% ! u TU<D:Sv0:{<w[PRM9IK7Q=>A8L>HM1<)) %$#
% " PRvX>HM1<PRM9IK7QS>H8L>HM1< )) %$#
%SbAetPRMYIV7QS>H8L>HM1<nOhCKJPG:gl C@>kl) %!
%SbKb Z\E:SQS@}PR0GYIVM9lD:=CXMf\l >A69@CVy Z\C@> ) %<"
%Sbkd

:=MY@[PM9IV79Q=>k@ u T_<D:Sv0:{<?:=>kllD>H6Y@CBZ\C0@> )

e
%SbAatPIK8;G9Q=>CVO u TU<D:Sv0:{<w zMYl<mIVM1<D:gI|<?:=CXM)

e
%Sb
&
:=MY@[PM9IV79Q=>k@fPG:SlDC@>Al-\l >A69@CBZ\C@>t)

b
%Sb %ŁPRG9:SlDC@>zM9l >AJ <?:=CXM ))

d
%Sb

u ZNIV6YlDIKQ:SM ))

a
%Sb #

:=MY@Z\CXM9:gT_<?:=MW~>HQSQgl-lD>H69@CBZ\C@>L)

a
%Sb ! zM9lD>HJD<PRG:gl C@>\l >A69@CVy Z\C@>^)
&
%Sbﬂ"tPRvX>HM1< zM9lD>HJD<D:SCKM ))

%
% dVe

:=MY@[PM9IV79Q=>k@fPvK>HM1<ml-lD>H69@C~Z\C@>)

%
% db zM9lD>HJD<PRvK>AM1<-\l >A69@CKyZ\C@> )

%
% dKdŁPIK8;G9Q=>CVOzM9THCKM9lD:Sl <D>AM1<ﬃZNIKM9@:g@I|<?> )

% dVa



] IK7Y>AQ-Z\CXJDJ?>ATU<D:SMW
u
QSWKCXJD:=<DE8 OhCKJ;Fﬃ>H<D>kT_<D:SMW

>HW1I|y
<D:SvK>Z\wTHQ=>kln:=MILFﬃ:gl <?IVMYTU> )J?IKGE)

#
% d
&
Z\CKM1<?:=M069IV<D:SCKMRJ?CK79Q=>A8 IVM9@}50CXQ=6<?:=CXM )

!
% d% zM9lD>HJD<)PG:SlDC@>ﬁ\l >A69@CVy Z\C@>o-:=<DE'56GG`CKJD<ﬃOhCKJoZ\CKM1<?:=M06y
I|<?:=CXM4))

"
% d

Z\CKM1<?:=M069IV<D:SCKM}PIV8LGQS>)) #Ve
% d# pCK<D:SvIV<D:SCKM[OhCKJﬃ5w0l <D>A8xI|<D:gTU:=<w ) #Ve
% d !50G`CTm}Z\E:SQS@}PR0GYIVM9lD:=CXMf\l >A69@CVy Z\C@>)-:{<?E}NQSCTm1:SMW  #b
% dﬀ"50>kIVJmTmE[JD>A>)OhCKJ zM9@>AGY>AM9@>AMX<)ZNIKM9@:g@I|<?>PG9IVMYl :SCKM9l; #Kd
% aKetnNC~ZNIXl >klnCVO My >HM9IK7QS>H8L>HM1< ) #Va
% abPG9IKM9lD:=CXMfJD>A>OhCXJﬃPRMYIV7QS>A@
u
lDBPRG9:SlDC@>IVM9@[PRvX>HM1<  #Va
% aXdŁPG9IKM9lD:=CXMfJD>A>OhCXJ)Z\CKM9:STU<D:SMWxPRM9IK7QS>A@[PRG:gl C@>kl  #%

Sb q>HJDOhCKJ?8xIVM9TH>CKOq50G`CTm )>AM>HJmI|<?:=vX>)-

QSIKMM>AJﬂ #ﬀ"

 d >Al <5TU>AM9IVJ?:=C;-:=<DE
u
TU<D:Sv1:=<wf:=79J?IKJDwL) !Xe

 a PIK8;G9Q=>ZNIVM9@:g@IV<D> )JmIVG9E 7`>UOhCKJ?> 4ﬃ>H6J?:gl<?:STZ\CXl <;P\l<?:{y
8xI|<?:=CXMŁ)) !
&


&
->AQSIV0>k@}ZNIKM9@:g@I|<?> )J?IKGE[-:{<?E 4ﬃ>H6J?:gl<?:SToZ\CXl <ﬃPl <D:S8xI|<?> !
&

 % p^\-

:S8L:{<mI|<?:=CXM ) !$%
"
  	
 


	

 



u 6<DCKM9CK8LCK69lJ?CK7`CV<?l;IVJ?>B7`>ATHCK8L:SMW'IKM :SM9TUJ?>AIXl :SMWKQSwﬂ:=8LG`CKJD<?IVM1<;<DC0CKQ\OhCKJ
8L:=QS:=<?IVJ?wKcl G9IXTU>'>UGQSCKJmI|<D:SCKMcﬃIVM9@ TU:Sv1:SQS:SIKM IVGG9Q=:gTHIV<D:SCKM9lA

CKJ[>UIV8LGQS>Kc

u 5 u M>H>k@l-IV6<DCKM9CK8LCK69l\J?CK7`CV<?lnIXl\:=<ﬃTHIKMMCK<nlD>HM9@BE068xIVM[>UGQSCKJ?>HJmlR<?C
J?>H8LCV<?>xQ=CTHIV<D:SCKM9lo:=M<?E>BlDCKQgIVJolDwl<?>H8 OhCKJl?I|Oh>H<w'IKM9@ﬂi9M9IKM9TU:gIVQ\JD>kIKlDCKM9lA

69J <?E>HJ?8LCKJ?>Kc:{<NCK6Qg@o7`>-IK@v|IKMX<mIVWX>HCK6Yl+<DC)<?E>\8L:SQ=:=<?IKJDw<?C7Y>-IV79Q=>\<DC)69lD>
>UG`>HM9@9IV7QS>ﬁJ?CK7`CV<mln<DCfE>HQSGi9WXEX<)NIKJ?lJ?IV<DE>AJ<DEYIVM^:SJDJ?>HG9QSIXTU>AIK7QS>E1698LIKM
7`>H:SMWXlAzM^>A:{<?E>HJTHIXl >Xc`lD69THTH>Al?lOh69Q=QSw[IKGGQSw0:=MWBJDCX7YCK<?l-<?CfIXTmE:=>AvK>8L:glDlD:=CXM
WKC1IVQglNJD>kjX69:=J?>AlnI9>U:S7QS>KcwX>U<-JDCX769l <TUCKM1<?JDCXQl wl <D>H8}
Lower Landing Gear
Adjust Wing Flaps
Reduce Engine Thrust
Start End

:SWK69JD>LbKSbKZ\CX8;G9Q=>HfRJ?CTU>Al?lnPIV8LGQS>
u
K>AwxJD>kjX69:=J?>H8L>HM1<NOhCKJ-TUCXM1<DJ?CKQSQ=:SMW;8;CX7:SQ=>IV6<DCKM9CK8LCK69l\J?CK7`CV<?ln:gl\<DE>
IV79:=QS:{<w<DC >UGJ?>Al?l;vK>HE9:STHQ=>IKTU<D:Sv0:{<w8LC@>AQSlxIXlxTUCK8LGQS>U#GJDCTH>Al?l >klH

CKJ
>UIK8;G9Q=>XckIKMIK6<DCX8xI|<D>k@QSIKM9@:SMW-CKG`>HJmI|<?CKJ.OhCXJIVM6M98LIKMM>k@IV>HJ?:gIVQ|vK>AE:gTUQS>


u
ﬀNCK6Qg@ﬂM>H>k@ﬂ<DC:SM9TUQS69@>~G9JD:S8L:{<?:=vX>Al<?E9I|<ﬁQSC|N>HJ)<DE>BQSIKM9@:SMWWK>kIVJkc
IK@|69l<\<DE>-:=M9WYIVGYlHc0IVM9@~JD>k@69TU>ﬃ>HMWX:=M><DEJ?69l <Ac0-E:SQ=>:=M9THQ=6Y@:=M9Wo<D:S8L:=M9W
TUCXM9l <DJmIV:SMX<ml
<DE9IV<\>AM9l 69JD>n<?E9I|<N>HMWX:=M>n<?EJ?69l<N:SlMCV<\Q=C|N>HJ?>A@6M1<D:SQ`IVO <D>AJ<DE>
-:SMW;YIVG9l-IKM9@[QSIKM9@:SMWLWK>kIVJ-IVJ?>l >H<n:SM}GQgIKTU>

l >A>

:SWK69JD>LbKSb ﬀU
C>AM9IV79Q=>xWX>HM>AJ?IV<D:SvK>;GQSIKMM:SMW-:=<DETUCX8;G9Q=>H'GJ?CTU>Al?lD>AlAc+<DE:gl<?E>AlD:Sl
GJ?>AlD>HM1<?l<DE>L50G`C0Tm}GQgIVM9M>HJk)50G`CTml 6G9GYCXJ <mlWK>AM>HJmI|<?:=vX>oGQgIVMM9:=MWB-:{<?E
TUCX8LGQ=>H)G9JDCTU>klDlD>Alv0:SIn<?EJ?>H>X>HwTUCXM1<DJ?:=76<D:SCKM9lA

:=Jml <AcK50G`CTm 	 lWXCXIKQKGQgIVM9l
bAe
IVMY@[IXT_<?:=v0:=<wB8LC@>HQglIVJ?>>HM9THC@>A@}69lD:SMWL<DE>o>AIKTU<D:SvK>opC@>AQ{y 79IXl >k@[JDCKy
WKJmIV8L8L:SMWIVM9WK69IKWK>  p ﬀ S abUp^\:Sl~IKM:=M9MC|v|I|<D:SvK>}nIwOhCKJ
8L:Sl?lD:=CXMGJ?CKWKJmIV8L8L>HJml<?C>AIXl :SQSw lDG`>ATU:=OhwTUCXM1<DJ?CKQG9JDCXWKJmIV8xlﬁIKM9@IKTU<D:Sv0:{<w
CKG`>HJmI|<?CKJmlHc97Y>kTHIV6Yl >:{<l 6G9GYCXJ <mlﬃI~J?:gTmE^l >H<CVO:SM1<D6:=<D:SvK>GJDCTH>Al?lﬃTUCX8ﬁ7:SM9IVy
<DCXJ?l;-:=<DE:SMtIVM CX7>ATU< y CKJ?:=>AM1<D>A@OhJ?IK8L>HNCKJ?` 5>ATUCXM9@+cn50GYCTmJ?>HGJ?>AlD>HM1<ml
WKC1IVQNGQgIVM9lAcGQgIVM CXGY>AJ?IV<DCXJ?lAcRIVM9@ GQgIVM#TAIVM9@:S@IV<D>klﬁ-:=<DEtI^6M9:{OhCXJD8 J?>HGy
J?>AlD>HM1<?IV<D:SCKM#TAIVQSQ=>k@#I >H8LG`CKJmIVQ-RQgIVM

>H<\CXJD  -

ﬀ S b !U-

lxIVJ?>
lD:=WXM:{i`THIVM1<ﬃ:SM<?E9I|<)<DE>Awl 6G9GYCXJ <<D>H8LG`CKJmIVQ9>U:S7:SQ=:=<w}69l :SMWBlD:S8;G9Q=><D>A8y
G`CKJmIVQTUCXM9l <DJmIV:SMX<ml S !ﬀUcn-E:gTmE>HMYIV7QS>^@w0M9IV8L:gTlDTmE9>A@6QS:SMWIVM9@Ł:S8LGJDC|vX>
8L:Sl?lD:=CXM#J?CK76Yl<?M>Al?lHnE:SJm@+cn5GYCTm:glx:S8;G9Q=>A8;>AM1<D>A@tIXlxIOhCXJDnIVJm@G9JDCKy
WKJ?>Al?lD:=CXMfGQgIVM9M>HJk\E9>HM^TUCX8ﬁ7:SM>k@}-:{<?E^IxJD>AQSIV>A@[GQgIVMy WKJmIVGE[E>A6JD:gl <D:gT
TUC1l<->kl<?:=8xI|<?>Kc<?E:glIVGG9JDC1IKTmEBEYIKln7`>H>HM^lDEC|-Mf<DC~lD6GG`CKJD<nO IKl <GQSIKMM:SMW9c
-E:gTmEf:glI;J?>Aj16:SJD>A8;>AM1<NOhCXJIVM0w~J?>AIKQ{y \CXJDQg@~IK6<DCXMCK8LCK6YlNTHCKM1<DJ?CKQ+lDwl<?>H8}
nE>ﬂJD>A8LIK:=MY@>HJfCVOo<?E:Sl[TmE9IKG<D>AJf-:SQ=Q8LCV<?:=v|IV<D>^<?E> @>HvX>HQSCKG8L>HM1<[CVO
IŁ8LC0@>HQ=y79IXl >k@ >H0>kTU6<?:=vX>ﬂOhCKJ8LCK7:SQS> IK6<DCXMCK8LCX69ll wl <D>A8LlAc):=M1<DJ?C@69TH>
p^\RcIKM9@[WK:SvK>IVM[C|vK>HJ?v0:=>A CVO
<DE9>ﬁ50GYCTm~WX>HM>AJ?IV<D:SvK>)GQgIVMM>AJA
   
C	C
	ﬃ
u
TmE9:=>Av1:SMWxJ?CK76Yl<IK6<DCXMCK8LCX69l-TUCXMX<?JDCXQ:glﬃI~TmE9IKQ=QS>HM9WK:SMWLGJDCX7QS>H8}cYIXlIV6y
<DCXMCK8LCX69lJDCX7YCK<?l<w0G:gTHIKQ=QSwEYIvK>LE06M9@J?>A@loCKJ<?ECK69l?IVMY@lCVO-:SMX<?>HJmIKTU<D:SMW
TUCX8LGYCXM>HM1<?l<?E9I|<~869l<x7`>^TUCXMX<?JDCXQ=QS>A@#IVM9@#8LCKM:=<DCXJD>k@+tC >HMYTUC@>[<DE>
J?>HQgI|<D:SCKMYl E:SG9lB7Y>H<\>A>HM4lDwl<?>H8 TUCX8LGYCXM>HM1<?lAcﬃQgIVM9WK69IKWK>AlBl 69TmEIKl[
u
N5
S
bAe2U c
PN5
S
bkd#U cqIVM9@-F)
S
d !2UnIVQSQ=C|8;:gl?l :SCKM@>kl :SWKM9>HJml)<DC^GJ?CKWXJ?IK8&IV6y
<DCXMCK8LCX69lJDCX7YCK<?l)-:=<DEJ?>A@6MY@IVM1<8L>U<DE9C0@9loIVM9@ﬂWXCXIVQq8LCKM9:{<?CKJ?:=MW}-E:SQS>
lD:=86Q{<mIVM>ACK69lDQSw >UGJ?>Al?lD:=MWIKM0w M>kTU>Al?l?IVJ?w#TUCXM9l <DJmIV:SMX<mlx7`>U<N>H>HM lDwl<?>H8
TUCX8LGYCXM>HM1<?lA
E:SQ=>B<DE>kl >~J?CK7`CV<?:STL>H>ATU6<D:SCKMQgIVMWX69IVWX>AlNCKJ?^\>AQ=Q\6M9@>AJﬁ:g@>AIKQCXJ
IVM1<?:STH:=G9IV<D>k@ TU:SJmTU68xl <?IVMYTU>AlAc\I'GJ?CK7QS>H8 IVJ?:SlD>Al-E>HMŁ6MOhCXJD>kl >A>HMŁTUCKM1<?:=My
WK>AM9TU:S>AlCTATU6Jkx-CK7`CV<?:ST;>U>kTU6<?:=CXMﬂQgIVM9WK69IKWK>AlJ?>Aj16:SJD>L8L:Sl?lD:=CXMﬂ@>kl :SWKM9>HJml
<DC'E:S>HJmIVJmTmE:STAIVQSQ=w lDGY>kTU:=Ohw IKQ=QnCXGY>AJ?IV<DCKJ;l >kj16>HM9TH>AlIVM9@#TUCKM1<?:=MWX>HM9TH:=>klH  O
I'8;:gl?l :SCKMŁTUCKM1<?:=MWX>HM9THwTHIKMMCV<L7`>[EYIVM9@QS>A@ v0:SIﬂl CX8L>f>H0GYIVM9lD:=CXM CKO<DE>
E:S>HJmIVJmTmE0wKcX<DE>olDwl<?>H8 -:SQSQ+O IV:SQ 
pC@>HQ=y 79IKlD>A@G9JDCXWKJmIV8L8L:=MW NIXlf@>AvK>AQ=CXGY>k@<DCŁJ?>H8LC|vK>@>HG`>HM9@>AM9TU>
CKM[GJ?>Uyzl G`>ATH:{iY>A@f8;CXM:=<DCKJ?:SMW9c@:gIVWXMCXlD:SlAcIVM9@fCKG`>HJmI|<?CKJ-lD>Aj16>HMYTU>AlAcIVMY@~<?C
>HQS>Hv|IV<D>BG9JDCXWKJmIV8L8L:=MW^<DC'<DE>}l G`>ATH:{i`THI|<?:=CXMCVO)l<mI|<D>f>HvXCKQS6<D:SCKM9l
S
aXd#U  zM
<DE9>o8LC0@>HQ=y79IXl >k@}GJ?CKWKJmIV8L8L:SMWLG9IVJmIK@:SWK8}c`Ix8L:Sl?l :SCKMG9JDCXWKJmIV8L8L>HJ-TUCX8y
8xIVM9@9lIKMﬁIV6<?CKMCX8LCK69lJDCX7YCK<:=Mﬁ<D>AJD8xlCVO:SMX<?>HM9@>A@ﬁl <?IV<D>XnE>nl G`>ATH:{i`THlCVO
IKTmE9:=>Av1:SMW~IKM:=M1<D>AM9@>k@l<mI|<D>IVJ?>o@>HQS>HW1I|<D>k@[<DCBI~8;C@>AQ{y 79IXl >k@f>H>ATU6<D:SvK>Kc
lD69TmEoIKln:{<mIVM
S
aXd#U

lD>H>

:=WX6JD>ﬃbK dﬀ_
nE:gllD>HG9IKJ?IV<D>klI-GJ?CKWXJ?IK8;8L>AJ 	 l.WKC1IVQgl
OhJ?CK8 <DE>:=8LGQS>H8L>HM1<mI|<D:SCKM^IXTmE:S>Hv0:=M9WL<DEC1l >oWXCXIKQSlAc9J?>H8LC|v0:=M9W;69MM>ATH>Al?lDIKJDw
bKb
TUCX8L8;:=<D8L>AMX<mlOhJDCX8 <DE>;GQgIVMM:SMW[GJ?C0TH>Al?lIKM9@<?E069l):=8LGJ?C|v0:=MWB<DE>9>H1y
:S7:=QS:=<wIVM9@ﬂJ?CK76Yl<?M>Al?l)-:{<?Eﬂ-E9:STmE IVM IV6<?CKMCX8LCK69l)J?CK7`CV<8xIwGY>AJ OhCXJD8
:=<?l-8L:glDlD:=CXM
text
Control Sequencer
Plant
Control
Program
Plant
Model
Observations Commands
State
estimates
Configuration
Goals
Titan Model-based ExecutiveReactive Model-basedProgramming Language
Mode
Estimation
Mode
Reconfiguration
Deductive Controller

:SWK6J?>LbK dn:{<mIVMpC@>AQ{y 79IKlD>A@fP>ATH6<D:SvK>
u
J?TmE:=<D>kT_<?6JD>
nE>~TUCXM1<DJ?:=76<D:SCKM9l)CVO\<DE:gl<?E>AlD:SlIKJD>;G9IKJ <CVOnI[8;:gl?l :SCKMy QS>HvK>AQq8;C@>AQ{y
79IXl >k@^>U>kTU6<?:=vX>LTAIVQSQ=>k@ :SJ?
S
b !2U

lD>H>

:SWK6J?>}bK aﬀ_ :SJD:gl@>AlD:SWKM>k@^<?C
TUCXM1<DJ?CKQ98LCX7:=QS>IK6<DCXMCK8LCX69lRJ?CK7`CV<ml:SMBJ?:STmEB>HM0v0:=J?CKM8L>AMX<mlHc1l 6YTmEfIKlJDC|vX>HJml
>UGQSCKJ?:SMW<DE>)l 69J O IXTU>-CVOpIVJmlCKJ\6M8xIVMM9>A@xIV>AJD:gIVQ9vK>HE9:STHQ=>kl9w0:SMWﬁlD>AIVJmTmE
IVMY@BJ?>Al?TU6>8L:glDlD:=CXM9lA
p:glDlD:=CXM@>kl :SWKM9>HJmlGJ?CKWXJ?IK8IK6<DCXMCK8LCX69l
8;:gl?l :SCKM9l:SM :SJDIV<
<?E>NQ=>AvK>HQ
CVO:=M1<D>AM9@>k@#l <?IV<D>AlLlD:=8L:SQSIKJ;<DCn:{<mIVMc\J?IV<DE>AJﬁ<?E9IVMtI|<;<DE9>}IXT_<?:=v0:=<wQ=>AvK>HQ
J?>Aj16:SJD>k@70w 
u
N5. ):=vX>HMI WXCXIVQlDGY>kTU:=iYTHIV<D:SCKM4IKM9@ IŁlD>U<}CVOﬁ8L:glDlD:=CXM
l <DJmI|<D>AWK:S>AlAc$:SJ?x-:=QSQ+i9M9@[IVMY@B>H0>kTU6<?>Il?I|Oh>GQgIVMcIXTmE:S>Hv0:=M9Wﬁ<?E>WKCXIKQ.CVO
J?CK769l <->U>ATH6<D:SCKMfOhCKJ-8LCX7:=QS>oIV6<DCKM9CK8LCK69lNJ?CK7`CV<-8L:Sl?lD:=CXM9lH
C >HM9IK7Q=>8LC@>AQ{y 79IKlD>A@GJ?CKWXJ?IK8L8;:SMWYc:SJ? M>A>A@l^<DC7`> IV7QS><?C
<DJmIVMYl QgI|<?>n<DE>:SM1<D>AM9@>A@xl <?IV<D>>AvKCXQ=6<?:=CXM9lRlDGY>kTU:=i9>A@L:SML<DE9>ﬃTUCXMX<?JDCXQGJ?CKWXJ?IK8
<DC^IKMIKT_<?:=CXM'G9QSIKM'<?E9I|<;IKTmE:S>HvX>Al<DEC1l >~l <?IV<D>x>AvKCKQS6<?:=CXM9lH~nE9:SlOh69M9T_<?:=CXM
:glGJ?C|v0:S@>A@x70wL<DE9>50G`CTmxWK>AM>HJmI|<?:=vX>-<D>A8;G`CKJmIVQ`GQgIVMM9>HJ

lD>H>

:SWK69JD>bK aﬀ_c
IVMY@B:gln<DE9>oTU>HM1<?J?IKQ.THCKM1<DJ?:S76<D:SCKM[CVO
<DE9:Sln<?E>AlD:glH
50G`C0Tmt:gl~6M9:Sj16>OhCKJ~<?EJ?>H>^J?>AIXl CXM9lH

:SJ?l <Ac-:=<f:glfIK7QS><DC THCKM9l <DJ?69TU<
GQgIVM9l
70wG:S>ATU:SMW<DCXWK>U<?E>HJqCXGY>AJ?IV<DCKJmlJ?>HG9JD>kl >AMX<?:=M9WTUCX8LGQ=>HGJDCTH>Al?l >kl

l >A>

:=WX6J?>;bX=b ﬀ_n50>ATHCKM9@+c`50GYCTm[l 6G9GYCXJ <mln<D>A8;G`CKJmIVQ9>U:S7:=QS:=<wKc9-E9:STmEIVQSQSC|l
IKTU<D:Sv0:{<wCXGY>AJ?IV<DCKJmlﬃ<DC}:=MYTUQS69@>x@6JmI|<?:=CXM9l)-:{<?E'QSC|\>AJ)IKM9@'6GG`>HJDy7`CK6MY@lH

:=MYIVQSQ=wXc150G`CTmﬁ:glRl :SWKM9:{iYTAIVM1<7Y>kTHIK69l >-:=<R:glIV79Q=>N<DCWX>HM>AJ?IV<D>nCKG<D:S8LIKQGQgIVM9l
<DEYI|<8L:SM:S8;: H>fv|IVJ?:=CX69lﬁTHCXl <ﬁ8L>U<DJ?:gTHlﬁlD69TmE IXl<?CV<?IKQ8L:glDlD:=CXM <D:S8L>fCXJ<DE>
bkd
text
Optimal Strategy Selection
Environment/
Hardware
Control
Program
Vehicle
Dynamics/
Terrain Map
Observations Commands
Mission
Status
Mission
Goals
Kirk Model-based ExecutiveReactive Model-basedProgramming Language
Localization Spock
Deductive Controller

:=WX6J?>xbK a\50G`CTm )>AM>HJmI|<?:=vX>RQgIVMM>AJ-:=<DE:SM :=J?fp^C0@>HQ=y79IXl >k@}P>ATUy
6<?:=vX> u J?TmE9:{<?>AT_<?6J?>
M068ﬁ7`>HJ-CKOqIXT_<?:=v0:=<D:S>Aln:SM}I;GQgIVM
u
MC|vX>HJ?v1:S>H CVOR50GYCTmf-:=QSQ7`>WK:SvK>AM[:SM^50>ATU<D:SCKMbX a9cI|O <D>AJN>Oh6J <?E>HJ
8LCV<?:=v|I|<?>ﬃ<?E>8LC0@>HQ=y79IXl >k@~GJ?CKWXJ?IK8L8;:SMWoGYIVJmIK@:SWK8 <?EJDCX6WKEfIVM[:=QSQ=6Yl<?J?IVy
<D:SvK>>HIK8LGQ=>X
    
 C0B ﬀﬂ  N )'(
C@>H8LCXM9l<?J?IV<D>x<?E>~:g@>AI7Y>AE:SM9@8LC@>HQ=y7YIKlD>A@ GJ?CKWXJ?IK8;8L:SMW9c
TUCXM9l :g@>AJ
<DE9>OhCXQ=QSC|-:SMWB>HIK8LGQ=>X506G9GYC1l >xIBO IV8L:=QSw:gll<?J?IKM9@>A@IVM9@'M>H>k@l<DC[7Y>
J?>Al?TU6>k@[OhJDCX8 -:=<DE:SM'IxOhCKJ?>Al <

lD>H>

:SWK69JD>~bX
&
ﬀ_N>UOhCXJD>IxJD>klDTH6>o8L:glDlD:=CXM
THIKM 7`>fQgIV69M9TmE>A@c<\C'<DE9JD>kI|<D>AM:SMWOhCXJD>kl<i9J?>Al;8ﬁ69l <L7Y>}G6<xCX6<A nE9>
8L:Sl?lD:=CXM[THCK8L8xIVM9@>AJ-E9IKlN<?EJ?>H>6M8xIKMM>A@}IK>HJ?:SIKQ+vK>HE9:STHQ=>kl


u 
l ﬀ-IV<E:Sl
@:gl G`CXl?IVQﬁCXM>~IV6<DCKM9CK8LCK69loJD>klDTH6>xE>HQS:gTUCKG<D>HJkcqIVM9@ﬂ<NC6M8xIVM9M>A@ iYJD>Hy
i9WXEX<?:=M9WLIK>HJ?:SIKQ.vK>HE9:STHQ=>kl


q
u 
l ﬀ_
ﬃlD:=M9WﬃInJDCX7YCK<D:gT>U>kTU6<?:=CXM)QgIVM9WK69IKWK>qQ=:SK>\
u
N5.cU<?E>R8L:Sl?lD:=CXMoTUCK8L8xIVMy
@>AJNCK6Qg@L-JD:=<D>)IGJ?CKWXJ?IK8 <DEYI|<\>HGQ=:gTU:=<DQSwxTUCX8;8xIKM9@lR>kIKTmE~IK6<DCXMCK8LCK6Yl
vK>AE:gTUQS>

lD>H>QS>UO <nl :g@>CKO

:SWK6J?>bK %ﬀU zMxGYIVJD<D:gTU6QgIVJkcV<?E>8L:Sl?lD:=CXM~TUCK8L8xIVMy
@>AJ:gl;JD>kl G`CKM9lD:S7Q=>BOhCKJ;>HM9THC@:=M9W'IVQSQ-TUCXMX<?:=M9WK>HMYTUwﬂGQSIKM9l;:=M1<?CE:glLTUCKM1<?JDCXQ
GJ?CKWXJ?IK8[

CXJx>UIV8LGQS>KcN:=O)CXM>CVO<DE> 
q
u
l~TUJmIKlDE>AlAcR<?E>GJ?CKWXJ?IK8
8ﬁ6Yl<xl G`>ATH:{Ohw#IJ?>HQS>Hv|IVM1<xTUCXMX<?:=M9WK>HMYTUwK  Oﬃ<DE9>[M9>ATU>klDl?IVJ?w TUCKM1<?:=MWX>HM9THw:Sl
CK8L:=< <?>A@[70wx<DE>8L:glDlD:SCKM[GJDCXWKJmIV8L8L>HJkcK<?E>HM[<?E>GQgIVM}-:=QSQ+O IK:=Q
zM TUCXM1<DJmIKl <Ac
:=M<?E>B8LC@>AQ{y 79IKlD>A@ G9JDCXWKJmIV8L8L:=MW}G9IKJ?IX@:SWK8}c<?E>B8L:gly
lD:=CXM#GJ?CKWXJ?IK8L8;>AJLCKMQSw-J?:{<?>Al~I TUCXM1<DJ?CKQ-GJ?CKWXJ?IK8 -:{<?E#<NClD>Aj16>HM1<?:SIKQ
bAa
forest fire 1 forest fire 2
stranded
family
Rescue
Helicopter
UFFAV 1
UFFAV 2
Forest

:SWK6J?>LbK
&


:=J?>->Al?TU69>ﬁ5TU>AM9IVJ?:=C
Rescue-Mission( )
{
{
if (UFFAV1 = ok AND UFFAV2 = ok)
{
UFFAV1.extinguish(forest-fire-1),
UFFAV2.extinguish(forest-fire-2)
}
else if ( UFFAV1 = ok )
{
UFFAV1.extinguish(forest-fire-1);
UFFAV1.extinguish(forest-fire-2)
}
else if ( UFFAV2 = ok )
{
UFFAV2.extinguish(forest-fire-1);
UFFAV2.extinguish(forest-fire-2)
}
};
Rescue-Helicopter.rescue(family)
}
Rescue-Mission( )
{
{
forest-fire-1 = extinguished,
forest-fire-2 = extinguished
};
family = rescued 
}
RMPL Control Program
Specifies Actions
RMPL Control Program
Elevated to Intended States
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Group-Enroute()[l,u] = {
choose {
do {
Group-Fly-Path(PATH1_1,PATH1_2,PATH1_3,TAI_POS)[l*90%,u*90%];
} maintaining PATH1_OK,
do {
Group-Fly-Path(PATH2_1,PATH2_2,PATH2_3,TAI_POS)[l*90%,u*90%];
} maintaining PATH2_OK
};
{
Group-Transmit(FAC,ARRIVED_TAI)[0,2],
do {
Group-Wait(TAI_HOLD1,TAI_HOLD2)[0,u*10%]
} watching ENGAGE_OK
}
}
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Rescue-Helicopter.Retrieve(group g) // activity 1
{ // activity / method body
do pickup(g) maintaining { threat = low } [300,+INF];
g = safe
}
Fire-Helicopter.Extinguish-Fire(location loc) // activity 2
{ // activity / method body
do {
if (retardant = present) then
drop-retardant()
else
call-for-assistance()
} watching { fire = controlled };
threat = low
}
Rescue-Family() // control program
{ // method body
{ // thread 1
Rescue-Helicopter.fly-to(rescue-point);
Rescue-Helicopter.Retrieve(family)[400,500];
Rescue-Helicopter.fly-to(hospital);
},
{ // thread 2
Fire-Helicopter.fly-to(forest-fire);
Fire-Helicopter.Extinguish-Fire(forest-fire)[300,400];
Fire-Helicopter.fly-to(base);
},
[0,1200]
}
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A := A [l,u] |
c |
A; A’ |
A, A’ |
{ A } |
if c then A |
when c then A |
do A maintaining c |
do A watching c |
choose { A, A’, … }
c := assignment to state variable
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A := A [l,u] |
c |
A; A’ |
A, A’ |
{ A } |
do A maintaining c
c := assignment to state variable
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Start preconditions A
Start effects B
Invariant conditions C
Invariant effects D
End preconditions E
End effects F
Duration G
PDDL-Operator {
if A then {
B,
{
do D maintaining C;
achieve E;
F
}
} [G,G]
}
PDDL+ Operator Corresponding RMPL Operator
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Ask ( battery = charged )
Nodes represent events in time
Simple temporal constraints
400 d (time(3) – time(2)) d 500
An episode comprised of state assertions (Tells), state queries (Asks), and primitive actions
drive-path ( )
Tell ( location = unknown )
3
Decision node – only one out-arc
needs to be selected
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13 4
2
5 6
Rescue-Helicopter
fly-to ( rescue-point )
Rescue-Helicopter
Retrieve ( family ) Rescue-Helicopterfly-to ( hospital )
Fire-Helicopter
fly-to ( forest-fire ) Fire-HelicopterExtinguish-Fire ( forest-fire )
Fire-Helicopter
fly-to ( base )
[400,500]
[300,400]
[0,1200]
[0,+INF] [0,+INF]
[0,+INF] [0,+INF]
8
Ask ( threat = low )
pickup ( family )
[300,+INF]
Tell ( family = safe )
[0,+INF]
Ask ( not ( fire = controlled ) )
12
14
15
13
Ask ( retardant = present )
Ask ( not ( retardant = present ) )
drop-retardant ( )
call-for-assistance ( )
[0,+INF]
[0,+INF]
[0,0]
[0,0]
[0,+INF]
[0,+INF]
[0,+INF]
Macro 2
Macro 1
Top-Level
7 9
10 11
START END
Rescue-Helicopter
Retrieve
Fire-Helicopter
Extinguish-Fire
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Interval:
[l,u]
Interval + Assertion:
c[l,u]
Interval + Activity:
A[l,u]
Tell(c)
[l,u]
[l,u]
A
[l,u]
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Sequential Composition: 
A[l1,u1]; B[l2,u2]
Parallel Composition: 
A[l1,u1], B[l2,u2]
Conditional Execution: 
if c then A[l1,u1]
     else B[l1,u1]
Reactive Execution: 
when c then A[l,u] 
Condition Maintenance: 
do A[l,u] maintaining c 
Preemption:
do A[l,u] watching c 
Choice:
choose{ A[l1,u1],
B[l2,u2] } 
Table 4-2 RMPL Combinators to TPN Sub-networks 
[l1,u1]
A [l2,u2]
B
[0,0]
[l1,u1]
A
[l2,u2]
B
[0,0] 
[0,0] [0,0] 
[0,0] 
[l,u] 
A
[0,0] 
Ask(c) 
[0,f]
[l1,u1]
A
[l2,u2]
B
[0,0] 
[0,0] [0,0] 
[0,0] 
[l,u] 
Ask(Not(c))
A
[l,u] 
Ask(c) 
A
[0,0] 
Ask(c) 
[l1,u1]
A
[l2,u2][0,0] 
Ask(not(c))
B
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3 4
5 6
1 2
UAV1.fly-to ( waypoint )
UAV2.fly-to ( waypoint )
[0,0]
[0,0]
[0,0]
[0,0]
[240,+INF]
[0,180]
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make-distance-graph (TPN input)
returns distance graph
1. Let d = distance graph
2. For each event, i, in input
3. add node i to d
4. For each episode from i to j in input
5. add arc (i,j) to d with episode upperbound as weight
6. add arc (j,i) to d with negative episode lowerbound as weight
7. return d
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This ordering arc ensures
that the two conflicting
episodes do not co-occur
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Spock ( control program, activity library )
returns complete, consistent plan that achieves the control program
1. let C = initial candidate based on control program
2. let priority queue = {C}
3. while priority queue is non-empty
4. let C = least cost candidate from priority queue
5. if C is consistent,
6. if C is complete, return C
7. let children = child-expansion ( C, activity library )
8. for each D in children
9. update-cost(D)
10. insert D into priority queue
11. endfor
12. endif
13. endwhile
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Forest Fire 1
Forest Fire 2
Base
UAV
Residential Area
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Fire-Suppression ( )
{
[0,60];
fire1 = suppressed [0,0];
[0,90];
fire2 = suppressed [0,0]
}
[0,60]
Ask ( fire1 = suppressed )
[0,90]
Ask ( fire2 = suppressed )
[0,0] [0,0]
Control Program RMPL Code
Control Program TPN
Note:
• Deadline for fire1 suppression 
is 60 time units after mission 
start
• Deadline for fire2 suppression 
is 90 time units after fire1 is 
suppressed
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Move (origin, destination)
{
fly-to(destination),
location UAV = unknown,
[dist(origin,destination),+INF];
location UAV = destination [0,+INF]
}
Move Activity RMPL Code Move Activity TPN
Fly-to ( destination )
Tell ( location UAV = unknown ) Tell ( location UAV = destination )
[dist(origin,destination),+INF] [0,+INF]
Drop-water (waypoint)
{
do { 
open-doors() [1,1];
drop-water() [15,15];
close-doors() [1,1]
} maintaining location UAV = waypoint;
waypoint = suppressed [0,+INF]
}
Drop Water Activity RMPL Code Drop Water Activity TPN
[0,+INF]
open-doors ( )
[1,1]
[15,15]
drop-water ( )
close-doors ( )
[1,1]
Ask ( location UAV = waypoint )
Tell ( waypoint = suppressed )
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Ask ( location UAV = waypoint )Ask ( location UAV = waypoint )
Fly-to ( dest )
Tell ( location UAV = unknown ) Tell ( loc UAV = dest )
[dist(origin,dest),+INF] [0,+INF]
Move ( Base, fire1 )
[0,+INF]
open-doors ( )
[1,1]
[15,15]
drop-water ( )
close-doors ( )
[1,1]
Tell ( wpt = spprsd )
Drop-Water ( fire1 )
[0,60]
Ask ( fire1 = suppressed )
[0,90]
Ask ( fire2 = suppressed )
[0,0] [0,0]
Control Program
[0,+INF]
open-doors ( )
[1,1]
[15,15]
drop-water ( )
close-doors ( )
[1,1]
Tell ( wpt = spprsd )
Drop-Water ( fire2 )
Fly-to ( dest )
Tell ( location UAV = unknown ) Tell ( loc UAV = dest )
[dist(origin,dest),+INF] [0,+INF]
Move ( fire1, fire2 )
[0,+INF]
[0,+INF]
[0,+INF] [0,+INF]
[0,+INF]
[0,+INF]
[0,+INF]
[0,+INF]
[0,+INF]
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Fly-to ( fire1 )
Tell ( location UAV = unknown ) Tell ( location UAV = fire1 )
[dist(Base,fire1),+INF] [0,+INF]
Move ( Base, fire1 )
Ask ( location UAV = fire1 ) [0,+INF]
open-doors ( )
[1,1]
[15,15]
drop-water ( )
close-doors ( )
[1,1]
Tell ( fire1 = suppressed )
Drop-Water ( fire1 )
[0,60]
Ask ( fire1 = suppressed )
[0,90]
Ask ( fire2 = suppressed )
[0,0] [0,0]
Control Program
[0,+INF]
[0,+INF]
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Ask (X)
Tell (X)
Ask (Y)
Activity A - Enabled Activity B – Not Enabled
Activity Library
Inserted Event
Pending Event
Inserted Episodes
Active Tell
Inactive
Episodes
Plan Candidate
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Inserted Events
Enabled Pending Event
Enabled Pending Event
Un-enabled Pending Events
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Tell ( light = on )
Ask ( light = on )
Ask (battery = charged )
Ask ( light = on )
Inserted Event
Pending Event Pending Episode
Inserted Episode
Enabled
Not Enabled
Enablement for Episodes
- Start event inserted
- Ask constraints supported by 
candidate active Tells
- Tell constraints consistent 
with candidate active Tells
Tell ( battery = charged )
Tell ( light = off )
Active
Inactive

:SWK6J?> %SbAe9qPM9IV79Q=>A8;>AM1<NOhCXJPRG:glDC0@>Al
    
%$ﬃ  )v0(
E>AM#IﬂTHIVMY@:S@9I|<D>[:glJ?>H8LC|vX>A@ OhJ?CK8 <?E>[j16>A6>Kc\:{<;i9Jml<L:gl;TmE9>ATmK>k@ OhCKJ
TUCXM9lD:Sl <D>AM9TUw

l >A>ﬁ50>ATU<D:SCKM %
&
ﬀURE>AM50GYCTm[@>U<?>HJ?8;:SM>kln<DE9IV<<DE9>oTHIVMY@:{y
@IV<D>ﬃ:glnTUCXM9l :gl <D>HM1<kcX:=<NG9JDCTU>A>A@l<DC;TmE>ATmL:=O:=<N:glnTUCK8LGQS>U<?>K
u
THIVMY@:S@9I|<D>:Sl
TUCX8LGQ=>H<D>--E>AML:{<RE9IXlMCG`>HM9@:=MW>AG:gl C@>klCKJ>AvK>HM1<mlH  O`<?E>THIKM9@:g@I|<?>-:Sl
TUCX8LGQ=>H<D>Xc:{<:glnJD>H<D6J?M>k@BIKl-ILlDCKQS6<D:SCKMfGQgIVM\]ﬃ<?E>HJ?-:SlD>KcTmE9:=Qg@B>HG9IVM9lD:SCKM
:gl-THIVQSQS>A@+
Z\E:SQS@>UG9IVMYl :SCKMWXJDC|l<DE>;GQgIVMTAIVM9@:g@IV<D>ﬁ70w}:SM9l >AJ <?:=M9WfIVM>HM9IK7Q=>k@
>HG9:SlDC@>LCKJ>HvX>HM1<AcCXJ70w^:=MYl<mIVM1<D:gI|<?:=MWIfM>H IKTU<D:Sv0:{<wOhJ?CK8&<DE>xIKTU<D:Sv0:{<w
QS:=7JmIVJ?w^IKllDEC|-M':=M

:=WX6J?> %=bXbKLnE>x>UG9IKM9lD:=CXM^<DEYI|<o:gloIVGG9Q=:S>A@':SllD>Uy
QS>AT_<?>A@}IVJ?7:=<DJmIVJ?:=QSwK 4ﬃC|\>AvK>HJkcIVQSQ+GYC1lDlD:S7Q=>>HG9IVM9lD:SCKM9lnIVJ?>TUCXM9l :g@>AJD>k@fIKM9@
IVG9GQ=:S>A@}:SMCXJ?@>HJ-<?CfTUJ?>AIV<D>o@:gl <D:SM9T_<THIKM9@:g@I|<?>Al-<?E9I|<)>HM9lD6J?>ﬁlD>AIVJmTmETUCX8y
GQS>U<?>HM>klDlAﬁnE:gll >kT_<D:SCKMﬂ@>Al?TUJ?:S7Y>kl<?E>xTmE:=Qg@^>HG9IVM9lD:SCKMG9JDCTU>klDlﬃOhCKJ>kIKTmE
CVO<DE>kl >oTAIKlD>AlA
  
ﬃ/X		 	D!r,`	-	/
C>UG9IVMY@ ItGQSIKM THIKM9@:g@I|<?>KcﬁTmE:SQg@>UG9IVMYl :SCKM8xIw4IX@@ IVM IKTU<D:Sv0:{<w
OhJ?CK8 <DE>LIKTU<D:Sv0:{<w}QS:=7JmIVJ?w[<DCB<DE>LTHIKM9@:g@I|<?>	 l)lD>U<)CVOG`>HMY@:=M9Wf>AvK>HM1<mlIKM9@
>HG9:SlDC@>AlA
nE9:Sl\:SlNTHIKQ=QS>A@xIXT_<?:=v0:=<w;:SM9l <?IKMX<?:SIV<D:SCKMc17`>ATHIK69lD>ﬃIVMBIXT_<?:=v0:=<wﬁOhJ?CK8
<DE9>~IKT_<?:=v0:=<w^QS:=7JmIVJ?w^:gl:SM9l<mIVM1<D:gI|<?>A@+c:{<mlG9IKJ?IK8;>H<D>AJ?lIVJ?>L7YCX6M9@+cqIVMY@':=<?l
% !
Child-Expansion (candidate, activity-library)
returns child candidate
1. let c = copy of candidate
2. choose between lines 3, 7, 11:
3. find enabled activities
4. let a = choose an enabled activity
5. instantiate(c,a)
6. return c
7. find enabled episodes
8. let e = choose an enabled episode
9. insert(c,e)
10. return c
11. find enabled events
12. let e = choose an enabled event
13. insert(c,e)
14. return c
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Find-Enabled-Activities (candidate C, activity library L)
1. let S = empty set of activities
2. for each activity, A, in L
3. let OK = true
4. for each Ask, K,  following the start event of A
5. if K is not closed by the active Tells in C
6. OK = false
7. end-for
8. if OK = true
9. add A to S
10. end-if
11. end-for 
12. return S
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Ask (X)
Tell (X)
Ask (Y)
Activity A - Enabled Activity B – Not Enabled
Activity Library
Plan Candidate
Before Activity Instantiation
Ask (X)
Tell (X)
Ask (Y)
Activity A - Enabled Activity B – Not Enabled
Activity Library
Plan Candidate
After Activity Instantiation
Ask (X)
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Find-Enabled-Episodes (candidate C)
1. let S = empty set of Episodes
2. for each pending episode, T, in C
3. let OK = true
4. for each Ask, A, in T
5. if A is not closed by the active Tells in C
6. OK = false
7. end if
8. end-for
9. for each Tell, L, in T
10. if L is inconsistent with the active Tells in C
11. OK = false
12. end-if
13. end-for
14. if OK = true
15. add T to S
16. end-if
17. end-for
18. return S
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Inserted Event
Pending Event Pending Episode
Inserted Episode
Tell ( light = on )
Ask ( light = on )
Tell ( temperature = hot )
Tell ( temperature = cold )
Newly Inserted Episode
Ask-Support Causal Links
Conflict-Avoidance
Causal Link
Tell ( light = on )
Ask ( light = on )
Tell ( temperature = hot )
Tell ( temperature = cold )
Episode to be Inserted
Before Episode Insertion
After Episode Insertion
[0,+INF]
[0,+INF]
[0,+INF]
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Find-Conflicting-Tells (candidate C, Tell A)
1. let S = empty set of Tells
2. for each inactive Tell, T, in C
3. if T conflicts with A, add T to S
4. end-for
5. return S
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Insert (candidate, episode)
1. for each Ask, A, in episode
2. let S = choose supporting active Tell in candidate
3. add causal link to candidate from S.start to A.start
4. add causal link to candidate from A.end to S.end
5. end-for
6. for each Tell, T, in episode
7. for each Tell, C, in candidate that conflicts with T
8. add causal link to candidate from C.end to T.start
9. end-for
10. end-for
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Inserted Event
Pending Event Pending Episode
Inserted Episode
Tell ( light = on )
Ask ( light = on )
Tell ( temperature = hot )
Tell ( temperature = cold )
[0,+INF]
[0,+INF]
[0,+INF]
Tell ( light = on )
Ask ( light = on )
Tell ( temperature = hot )
Tell ( temperature = cold )
[0,+INF]
[0,+INF]
[0,+INF]
Before Event Insertion
After Event Insertion
Enabled
Not Enabled
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Find-Enabled-Events (candidate C)
1. let S = empty set of Events
2. for each pending event, E, in C
3. let OK = true
4. for each preceding episode, P, of E
5. if P is not inserted
6. OK = false
7. end-if
8. end-for
9. if OK = true
10. add E to S
11. end-if
12. end-for
13. return S
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Insert (candidate, event)
1. mark event inserted (not pending)
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Tell ( radio bus = powered )
[15,15]
Temporally Inconsistent Candidate
Activate Battery 1
Transmit Data
Problem: Single
battery cannot
power radio for
duration of data
transmission.
1 2
3 4
10
0
15
-15
+INF
0
+INF
0
Corresponding
Distance Graph consistency
violated due to 
presence
of negative cycle
3 4
Ask ( radio bus = powered )
1 2[0,10]
[0,+INF] [0,+INF]
This candidate is inconsistent
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FIFO-label-correcting (N,s)
1. For i = 1 to |nodes of N|
2. d(i) = +INF
3. examined_count(i) = 0;
4. End-For
5. d(source) = 0;
6. list = {source};
7. while (list is non-empty)
8. i = pop head of list;
9. examined_count(i)++;
10. if examined_count(i) > n
11. return “Negative Cycle”
12. End-If
13. For each arc (i,j) in N
14. If d(j) > d(i) + c(i,j)
15. d(j) = d(i) + c(i,j);
16. If j is not in list
17. push j to end of list;
18. End-If
19. End-If
20. End-For
21. End-While
22. return “No Negative Cycles”
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Ask ( radio bus = powered )
Tell ( radio bus = powered )
[0,10]
[15,15]
[0,+INF] [0,+INF]
Continuation: Problem and Solution
Activate Battery 1
Transmit Data
Problem: Single
battery cannot
power radio for
duration of data
transmission.
Solution: Use
multiple batteries
to power radio.
Ask ( radio bus = powered )
Tell ( radio bus = powered )
[0,10]
[15,15]
[0,+INF]
[0,+INF]
Activate Battery 1
Transmit Data
Tell ( radio bus = powered )
[0,10]
Activate
Battery 2
[0,+INF]
[0,+INF]
Tell ( radio bus = powered )
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Insert (candidate, episode)
1. for each Ask, A, in episode
2. let S = choose supporting active Tell in candidate
3. add causal link to candidate from S.start to A.start
4. add causal link to candidate from A.end to S.end
5. end-for
6. for each Tell, T, in episode
7. for each Tell, C, in candidate that conflicts with T
8. add causal link to candidate from C.end to T.start
9. end-for
10. if candidate contains matching active Tell, C
11. optionally:
12. add episode to candidate from C.start to T.end
13. add episode to candidate from T.start to C.end
14. add Tell to candidate from C.start to T.end
15. add Tell to candidate from T.start to C.end
16. end-option
17. end-if
18. end-for
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Child-Expansion (candidate, activity-library)
returns two child candidates
1. let c1, c2 = copy of candidate
2. if ( candidate has enabled episodes )
3. let e = choose unblocked enabled episode
4. insert(c1,e)
5. block(c1,e)
6. block(c2,e)
7. return c1, c2
8. else if ( candidate has enabled event )
9. let e = unblocked enabled event
10. insert(c1,e)
11. block(c1,e)
12. block(c2,e)
13. return c1, c2
14. else if ( activity-library has enabled activity )
15. let a = unblocked enabled activity from activity library
16. instantiate(c1,a)
17. block(c1,a)
18. block(c2,a)
19. return c1, c2
20. end-if
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Tell (X)
Tell (not(Y))
Tell(Y)
Ask (X) Inserting this enabledevent will cause Ask(X)
to be un-enabled, because
the Tell(X) that closes
Ask(X) will be deactivated
Enabled Event
Enabled Episode
Inserting either of these 
enabled episodes will 
cause the other episode 
to be un-enabled, 
because the Tell(not(Y)) 
constraint conflicts with 
Tell(Y)
Enabled Episode
Enabled Episode
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Problem Events in
Solution
Episodes in 
Solution
Number of 
Candidates
Generated
Time to Solve 
1 6 5 8 0.04s
2 10 13 11 0.14s
3 9 11 14 0.14s
4 11 13 17 0.11s
5 16 32 68 0.67s
6 20 44 299 2.35s
7 16 30 892 15.21s
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forest fire
UFFAV 1
Forest
base
Ask (at $start) Tell (at $end)
[5,10][0,0] [0,+INF]
UFFAV Move Activity
Ask (have retardant) [10,20][0,0]
Ask (at forest fire)
Tell (fire extinguished)
[0,+INF]
UFFAV Extinguish-Fire Activity
return
to base
execute extinguish-fire activity
fly to
forest fire
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Ask ( X = v )
Ask ( Y = k )
A1 A2 A3
B1 B2 B3
B5
B4
Activity A
Activity B
Tell ( X = v )
Tell ( Y = z ) [20,20]
Plan Candidate
[10,25]
[15,30]
Tell ( Y = k )
[5,5]
[7,10]
f-value = 10
Activity Library
0 10
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Ask ( X = v )
Ask ( Y = k )
A1 A2 A3
B1 B2 B3
B5
B4
Tell ( X = v )
Tell ( Y = z ) [20,20]
Relaxed Candidate Graph
[10,25]
[15,30]
Tell ( Y = k )
[5,5]
[7,10]
0 10
15
0 15
15
1010
0
(f + g)-value = 15
The Ax and Bx nodes do not need to be inserted, as they were 
only instantiated as part of the relaxed candidate graph
Original Candidate
conflicting Tells
are ignored
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This TPN structure can be generated with RMPL
This TPN structure motivates additional  RMPL constructs
This arc cannot 
currently be 
represented using 
RMPL
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